The effects of the internal geometry of catalytic converter channels on flow characteristics; exhaust backpressure and overall conversion efficiency have been investigated by means of both numerical simulations and experimental investigations.
INTRODUCTION
In order to comply with future emission legislation, it is necessary to ensure high catalytic efficiency of the exhaust gas aftertreatment system both during cold start and operation temperature condition.
The necessary conversion efficiency requested to comply with SULEV or EU4 emission limits could be achieved with close coupled and, possibly, cascade systems [1] . In order to improve catalyst efficiency and to achieve the requested "near-to-100%" value, without increasing the catalyst system cost, it is necessary to increase the cell density and reduce the foil thickness of the substrate [2, 3] . This increases the heat transfer as well as the mass transfer without having a negative influence on thermal mass. Figure 1 shows the influence of these measures in the FTP-test (reduction of heat-sink phase, higher efficiency at operating temperature). High cell density / thin foils
Figure 1: Analysis of accumulated HC emissions in the FTP-cycle for a TLEV-and an ULEV-vehicle
The physical properties of catalytic converters that affect both cold start behavior and effectiveness at operating temperature are well known and published in numerous works (fig 2) [3, 4] . The cell shape influences some parameters presented in fig. 2 such as thermal mass, geometric surface area, and washcoat distribution. It is possible to optimize these parameters varying cell shape and, therefore, the catalyst efficiency during cold start or warmed-up operation.
Nowadays different cell shapes are commonly used in both metal and ceramic substrates: sinusoidal, triangular, square and hexagonal. A great advantage of metal substrates is that the cell shape is produced in a preproduction step and can be easily modified. A typical metal substrate has a sinusoidal cell which is characterized by the width (pitch) to height ratio( fig. 3 ). 
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INFLUENCE OF CELL SHAPE ON FUNCTIONAL PARAMETERS
INTRODUCTION -Velocity flow field (back pressure) in the cell, mass transfer efficiency and washcoat distribution are investigated to define the influence on catalyst efficiency with particular regard to cell shape.
MASS FLOW DISTRIBUTION -Velocity flow distribution within a channel influences mass transfer coefficient and backpressure. These two properties will be investigated by means of a computational tool, as this is a cost effective solution and allows overtaking the difficulties of measuring velocity distribution in channel with characteristic dimensions of 1 mm or smaller.
Computational tool -The numerical approach used in this paper consists of three different steps:
1. Grid Generation: starting from CAD description of the channel cross section, a regular structured homogeneous mesh is constructed using a tailored code. This grid will be used for the next two steps ( fig. 4) On both cell shapes the flow field around the edges is characterized by very low velocity (low mass transfer and high backpressure). These results show the potential for improvement by minimizing the negative effect of the edges.
WASHCOAT DISTRIBUTION -The first issue investigated is the uniformity of washcoat thickness. In an ideal case, e.g. in a round cell, the washcoat thickness is constant all along the cell perimeter. In a non-round cell the washcoat thickness is not constant along the wetted perimeter.
The main reason for this can be traced back to the physical mechanisms, which take place during the coating process. Nowadays, there are two main process technologies used in mass production.
The first process is the dip coating in which the substrate is firstly dipped into the slurry and subsequently air is blown through it in order to extract the redundant amount of washcoat. In an alternative method a predefined quantity of coating slurry is aspirated through the substrate by a negative pressure.
In both cases one of the governing parameters is, besides the washcoat density, its viscosity in relation with the flow velocity distribution within the cell itself. As a consequence in the channel regions where the dynamic forces are negligible and the viscous forces are prevailing as in the edges of a non-round shape, the remaining washcoat amount strongly depends on the angle of that edge.
On the other hand, a different coating process can be assumed (e.g. the centrifugal one) and therefore a uniform distribution of viscous forces is to be expected and consequently a more uniform washcoat distribution as well.
For theoretical calculation of washcoat distribution a curvature radius of 60µm has been choosen for the washcoat in the angles, in accordance with experience and previous publications [3] .
Assuming that the active sites are uniformly distributed within the washcoat layer, there are zones of washcoat film in which the active sites are not in the top layer and consequently a slower overall reaction rate can be assumed. That means that where the washcoat is thicker, the noble metal particles in the deeper layer are not optimally exploited due to the slower diffusion process (pore diffusion, Fig.2 ) within the porosity of washcoat. For the sake of simplicity, assuming that the major part of the reactions takes place up to 25 µm depth, it's easy to calculate the quantity of washcoat with a lower efficiency (due to limited mass transfer out of the gas phase into this region) and to compare it with the total quantity of washcoat.
To this aim the 'Slow Washcoat Factor' as a comparison parameter is defined:
The 'Slow Washcoat' is represented in fig.7 as checkered and it is the quantity of washcoat that lies under the first 25µm of washcoat depth.
In addition, in the case of NOx adsorbers, sulfur is adsorbed in the washcoat and has to be regenerated after a while [5] . Because of the greater depth in the 'Slow Washcoat' areas longer desulphurarization times are necessary which influences fuel economy.
Fig.7: Example of washcoat distribution
Moreover, non uniform washcoat distribution negatively affects GSA. This is expressed by the following parameter:
Coating Factor:
The Coating Factor shows the decrease of GSA before and after coating. It is apparent from eq. (1), that the mass-transfer rate directly depends on both flow velocity within the channels (described by the Reynolds number), as well as on the characteristic size of the channel described by the hydraulic diameter.
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In previous research work a specific computational tool has been developed in order to determine the influence of channel shape on conversion efficiency. To this aim an important parameter is the adsorption efficiency of pollutants on catalytic wall which is a factor to describe the catalyst efficiency. As an example in fig. 8 and 9 a square and a sinoidal cell are reported. According to the flow distribution the portion of the edges (Point B,D) on the overall mass transfer rate is significantly lower than the portion of the cell flanks and basis (points A, C).
In order to augment mass transfer coefficient and to lower back pressure of a sinusoidal cell, the shape design can be optimized.
SINUSOIDAL CELL SHAPE OPTIMIZATION
Starting from considerations of the previous paragraph, it is possible to optimize the sinusoidal cell shape. By means of a computational tool some different cell shape with different Pitch/Height (P/H) ratio have been investigated and evaluated.
GEOMETRIC SURFACE AREA -Geometric Surface Area is a governing parameter both for cold start and warmed-up condition [1, 3] . It is theoretically strictly connected to the perimeter of the cell and, therefore, to the P/H ratio. The Coating Factor (fig 11) , described in a previous paragraph, shows the advantage of cells with a small P/H factor (high cells). The reason could be found in the opening angles of the edges where the reduction of used surface is higher for the wide cells. MASS -The mass of a metal substrate is also influenced by the P/H ratio. In the figure below the mass of different cell shapes is represented.
Fig. 12: Calculated mass of sinusoidal cells with different P/h ratio per channel length unit.
Moreover, considering the substrate structure, the number of flat and corrugated foils depends on the cell shape. In case of the high cell the number of flat and corrugated foils is lower than for a wide cell.
In the figure below the mass of two supports with identical dimension but using different cell shape is reported. The high cell shape shows an improvement in weight (thermal mass) of 18 %. SLOW WASHCOAT FACTOR -The slow washcoat factor is influenced by the width of the opening angle of the edges. The wider these angles are the lower is the 'Slow Washcoat' factor. This means that the portion of washcoat with low efficiency (due to its increased distance to the gas phase) is smaller. On the basis of these geometric properties and considering the real possibility to produce different cell shapes, two different pitch/height ratios have been choosen and investigated with the aid of the computational tool. The investigated characteristics are backpressure and mass transfer coefficient β. In case of the high cell, the uniformity of the flow field is higher because of better usage of the edges compared to the wide cell. Considering these results the back pressure advantage of 13 % of the high cell compared to the wide cell, shown in figure 20, can be explained Another important parameter that influences the effectiveness of cells is mass transfer coefficient β.
Pitch/height ratio
Mass Transfer Coefficient -
The Mass Transfer coefficient β is locally influenced by the flow field in the way that high velocity gradients augment β. As a matter of fact in the channel regions where friction forces are higher, flow develops slowly and therefore β is negatively influenced. With the aid of the computational tool the β profile along the perimeter has been calculated. It can be seen from fig. 21 and 22 that the local β is characterized by significant differences along the channel wall. In particular the upper edge of the high cell (D) has a lower value of β due to the relatively sharp curvature radius in that region. On the other hand the negative influence of the opening angle in the edges (B) in that cell is limited. As a matter of fact the portion of perimeter having a β value near to zero is relatively short.
Conversely the wide cell ( fig. 22 ) has a higher β value on the upper edge (D) somehow compensated by a significant portion of low ß values in the area of the edges.
Subsequently overall conversion rate for both cell shapes is expected to be comparable because of similar mean ß values. To this aim experimental emission measurements have been carried out and are presented in the following section.
MEASUREMENT
Emission tests were conducted on a dynamic engine test bench. The test engine used was a 3,6 liter, 6 cylinder naturally aspirated, with a 2 -pipe exhaust system. Emissions were recorded and analyzed both modally -pre and post catalyst at a sampling rate of 2 Hertz -and as bag results. Background HC-emissions in the range of 0.8 up to 1.2 ppm C3 were measured and were taken into account evaluating the emission bag results.
Both the FTP-test and constant load-driving with a mass flow of 100 kg/h have been carried out. The catalyst size was Ø98,4x74,5mm, 600cpsi, Volume=0.57 l which correlates to 31 % of the engine sweep volume. The small catalyst size was chosen in order to intensify the differences in efficiency of the tested catalyst. Figures 23 and 24 show the influence of pitch/height ratio of the cell shape on the first 50 seconds of the FTP test. Light-off behavior appears equal for both cell shapes for HC and CO: that should be related to two different effects as discussed in the previous paragraph. The first positiv effect is the lower thermal mass of the high cell, which should lead to better Light-off performance, but this is compensated by the high thermal exchange efficiency of the wide cell, due to its greater GSA. As a result the efficiency in Light-off performance is similar for both cell shapes. The results of the measurement at constant load (100 kg/h) show that the conversion rate for all emissions is similar for the standard and high cell. (Fig. 26 ) These results show that the back pressure advantage of the high cell can be used without negative influence on the catalyst efficiency. The potential for washcoat and therefore precious metal reduction is given
